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Abstract Results are presented for a model three-axis gra-
dient coil incorporating active acoustic control which is
applied to the switched read gradient during a single-shot
rapid echo-planar imaging (EPI) sequence at a ﬁeld strength
of3.0T.Thetotalimagingacquisitiontimewas10.6ms.Sub-
stantial noise reduction is achieved both within the magnet
boreandoutsidethemagnet.Typicalinternalnoisereduction
over the specimen area is 40dBA whereas outside the acous-
tic chamber the noise level is reduced by 60–67dBA.H o w -
ever these results are relative to a control winding which is
switched in phase, adding 6dBA in its non-optimized mode,
which is included in the quoted ﬁgures.
Keywords MRI · Acoustic control · Gradient coils ·
Reduced acoustic noise · EPI
Introduction
With the advent of more-powerful magnets and faster
imaging regimes in magnetic resonance imaging (MRI) a
major concern is the high levels of noise generated during
scanning. This noise arises within the cylindrical structure
of the gradient coil and is proportional to the driving cur-
rent andthestrengthofthestaticmagnetic ﬁeld. Thiscurrent
generates Lorentz forces that induce vibrations in the coil
structure, thereby generating substantial noise.
The general trend for increased static ﬁeld strengths and
faster imaging techniques have made the noise situation
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worse.Theacousticnoiseproblemhasnowreachedthepoint
where it poses a signiﬁcant health risk not only to the patient
but also to medical staff working in close proximity to scan-
ners.Forexample,inultra-high-speedimagingsuchasecho-
planar imaging (EPI) and echo-volumar imaging (EVI),
becauseofthehighmaximumgradientamplitudesemployed
andextremelyrapidslewratesusedinthesetechniques,noise
levels can approach 130dBA [1–3], which is well above the
safetylevelspermittedintheworkplace.Whileadultpatients
canbeprotectedtosomeextentagainstthedangersofacous-
tic noise, infants and foetuses in utero cannot be so easily
protected.Thesameistrueforanimalsinveterinarypractice.
Various approaches have been explored to try to amelio-
rate the acoustic noise problem, including the development
of special pulses for use in EPI [4,5], and also gradient shiel-
ding techniques [6]. Presently the most common approach is
to seal the gradient coil in a vacuum chamber [7].
As an alternative approach, active acoustic control for
gradient coils was introduced by Mansﬁeld and Haywood
[8] in an attempt to ameliorate the acoustic noise problem
by controlling the vibrational modes generated in the coil
structure. In this novel approach the gradient coil structure
comprises ﬂat rectangular plates or ﬂat arcuate sectors, in
which the gradient ﬁeld winding and an additional control
winding are embedded in the ﬂat plate structure in order to
control the vibrational mode of the structure, thereby redu-
cingthenoise.Theuseofeitherrectangularorarcuatesectors
simpliﬁes somewhat the theory of noise propagation.
The purpose of the control winding is to prevent the pro-
duction of compressional and bending vibration modes in
thecoilstructurethatresultfromtheopposingforcesapplied
to the coil former segments by the opposite currents in the
gradient and returnarcs of thecoil. It achieves thisby decou-
pling these two currents. Each coil segment consists of two
plates separated by a small gap. Around this gap a second,
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controlwindingisplacedwhichcarriesacurrent I 
1e
iφ
1 forthe
plates with a gradient ﬁeld winding current I1, and I 
2e
iφ
2 for
the plates with a gradient ﬁeld winding current I2.T h et w o
halves of the former can then move independently, thereby
reducing considerably the compressive and bending forces.
These forces cannot be eliminated entirely as the former is
not inﬁnitely rigid. To assist this process further the control
winding is activated so that the currents ﬂowing on each side
ofbothsectionsareactinginunison.Simpletheoryindicates
that the current and phase in the control windings should be
equaltothoseinthegradientwindings.Duetotheﬁnitevelo-
city of sound in the formers greater acoustic attenuation is
achieved by modifying slightly the amplitude and phase of
the current in the control windings.
Intheworkpresentedhere,asaﬁrststeptodemonstrating
the principle of active acoustic control, a scaled-down model
three-axis gradient coil was constructed and used to obtain a
single-shotimageusingEPI.Thecoilconsistsofanumberof
sectors, each comprising ﬂat rectangular plates with embed-
ded straight wire windings for the transverse gradient, Gy,
used as the read gradient, together with embedded straight
wire secondary control windings for active acoustic control
of this switched gradient. The same method of ﬂat rectangu-
larplateswithembeddedstraightwiregradientwindingswas
usedfortheGx gradientbutwithoutthecontrolwinding.The
longitudinal gradient, Gz, used a traditional Maxwell pair.
Magnetic ﬁeld gradient calculations
The ﬁeld gradient in the z-direction, G, has components [2]
Gx =
∂Bz
∂x
, (1a)
Gy =
∂Bz
∂y
, (1b)
Gz =
∂Bz
∂z
. (1c)
In our coordinate system Gx is the equivalent to the genera-
tionof Gy butwithrotationofthegradientassemblythrough
90◦ about the z-axis. In this work we concern ourselves enti-
rely with the generation of Gy.
Amagneticﬁeldgradient,Gy,oftherequiredstrengthand
extent can be produced by at least four parallel straight wires
placed at the corners of a rectangle with all wires carrying
equal currents ﬂowing in the same direction. By increasing
the number of parallel wire pairs and by appropriately chan-
ging the spacing of the wires along the z-axis the region of
linearity of the ﬁeld gradient produced can be enlarged.
Starting with the impractical inﬁnite wire case for our
calculations, following Zupancic and Pirš [9], we express
the z-component of the magnetic ﬁeld for six wires, each
carrying current I,a s
Bz(y,z) =
µ0I
4π
Re
∞ 
n=0

ξ
r
n
An, (2)
where
An = exp[−i(n + 1)φ], (3)
where the displacement ξ in Eq. (2)i sg i v e nb y
ξ = y + iz, (4)
and where r and φ are the cylindrical coordinates of a wire,
and y and z are the coordinates of a point at which the ﬁeld
is calculated.
If Eq. (2) is expanded one can readily see that all even
powers of ξ vanish. When z = 0 the ﬁrst term in Eq. (2),
whendifferentiated withrespectto y, yieldsalineargradient
Gy. For six wires, the region of linearity can be made larger
when both A3 and A5 are zero.
Let the current in the corner wires be I1, and that in the
center wires be I2. We ﬁnd, after some calculation, that I2:I1
is 0.8:1 with an angle δ between the diagonals of the corner
plate pairs of 66.6◦.
An inﬁnite wire design is impractical. All wires that form
the windings have to ﬁt inside the magnet, as do the control
wires.
Field of ﬁnite parallel wires
The optimum angle between the diagonal corner wires for
an inﬁnite wire system has been calculated. We now use this
angle in magnetic ﬁeld gradient calculations for a practical
coil design with ﬁnite wire lengths. The magnetic ﬁeld B(r)
at a distance r from a wire displaced rw from the origin and
which carries a current I along a wire path w is given by the
Biot–Savart expression
B(r) =
µ0I
4π

w
(r − rw) × drw
|r − rw|3 , (5)
where µ0 is the free-space magnetic permeability and drw is
aw i r ee l e m e n t .
The vector displacements required later are written in
Cartesian coordinates as
r = ix = jy = kz (6)
and
rw = ixw + jyw + kzw. (7)
For a ﬁnite wire parallel to the x-axis the elements dyw = 0
and dzw = 0. The Bx component of Eq. (5)i s
Bx(x, y,z) = 0. (8)
123Magn Reson Mater Phy (2007) 20:223–231 225
I2
I1
I2
I1 I1
I1
I1′e
iφ
1
I2′e
iφ
2
 s 
β 2D1
2B1
x
z
y
2A1
 G Control
winding 
Fig. 1 Sketch showing the layout for the six-sector Gy coil assembly.
Thedimensions2D1,2A1,and2B1 aredeﬁnedinthetext.Thecurrents
I1 and I2,correspondingtotheouterfourplatesandthetwoinnerplates,
are deﬁned in the text. The control currents I 
1 are associated with the
four outer plates and I 
2 with the two inner plates. The gap width G
between the control windings is 5mm
Similarly the By and Bz components are
By(x, y,z) =
µ0I
4π
(z − D1)g (9)
and
Bz(x, y,z) =
µ0I
4π
(y − A1)g, (10)
where the current I = 1,000A, the permeability of free
space µ0 = 4π × 10−7NA−2, D1 = A1tanβ is the spacing
along the z-axis between the wires in the plate pairs, and A1
is the distance between the wires in the y-axis to the center
(see Fig. 1).
The integral g is given by
g =
B1 
−B1
dxw

(x − xw)2 + (y − A1)2 + (z − D1)23/2, (11)
and can be solved exactly [9], giving
g =
(x + B1)/

(x + B1)2 + (y − A1)2 + (z − D1)21/2
(y − A1)2 + (z − D1)2
−
(x − B1)/

(x − B1)2 + (y − A1)2 + (z − D1)21/2
(y − A1)2 + (z − D1)2 .
(12)
BycombiningEqs.(9)and(10)withEq.(12)andwithappro-
priate values of A1 and D1, we obtain the magnetic ﬁeld of
six parallel ﬁnite length wires. The component Bx is zero
everywhere and the component By is zero over the xy-plane,
which can be chosen as the imaging plane.
217 mm 
Front view 
Side view 
600 mm 
Gap
1 mm 
Plate
Plate-pair
Gradient
windings
Control
windings
Crossbar
11 mm 
thick plate 
10.7 mm 
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108 mm 108 mm
Fig. 2 Diagramofthefrontandsideelevationofthegradientcoilplate
pair,clearlyshowingthewirepathsforthemainﬁeldgradientwindings
and control windings with a 1mm air gap between the plates
Gradient ﬁeld strength and linearity
ThegradientstrengthandlinearitywerecalculatedfortheGy
gradient coil design, comprising six current-carrying loops
together with six control winding loops. The coil thickness
was given by 2D1 = 2A1tanβ. The length of the plates 2B1
was ﬁxed at ±0.30m. The width of the plate pairs, s,w a s
ﬁxed at 0.217m, this value being the maximum allowable in
themagnet.Theoptimumangle,β,forthewirepositionswas
alsoﬁxedtogivemaximumlinearity.Figure1showsasketch
of the Gy gradient coil arrangement and a detailed sketch of
an individual plate pair or sector making up the coil is shown
in Fig. 2. A plot of the calculated magnetic ﬁeld strength and
gradient linearity is shown in Fig. 3.
Effect of the control windings
Calculations were carried out to determine whether the addi-
tional gradient ﬁeld produced by the control windings would
compromise the magnetic efﬁcacy of the Gy gradient. The
calculationsshowedthatthestrengthoftheﬁeldproducedby
thecontrol windings isdetermined bythesizeofthegap bet-
ween them. By keeping the gap as smallas possible, theﬁeld
produced by the control winding is kept small compared to
the Gy gradient ﬁeld. From calculations for our coil conﬁgu-
ration, with a gap of 0.005m between the control windings,
it was found that the control windings added only 3.5% to
the Gy gradient ﬁeld.
The control winding current and relative phase are equal
to those supplied to the Gy gradient when the coil is opera-
ting in the noise cancellation mode. From the results of the
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Fig. 3 Computer-generated plot showing the gradient performance
over a central region of 6.5 × 6.5cm2
calculations above, the small contribution from the control
winding to the overall gradient ﬁeld affects the linearity of
the Gy gradientﬁeldbyanegligibleamountandstayswithin
1.5% over the region of interest (ROI) (see Fig. 3).
Field of view and resolution
To match the acoustically controlled gradient coil system
withtheimaging parameters ofthe3Tsystemaﬁeldof view
(FOV)of6.4cm2 witharesolutionof2mmalongbothimage
axes was chosen.
Fabrication of the gradient coil plate pairs
The ﬂat plates used for the actively acoustically controlled
transverse read gradient, Gy, were constructed by cutting
sheetsofapproximately11.5-mm-thickTufnol10G40glass
fabric–epoxy resin laminated plastic to the required dimen-
sions. The plate resonant frequency varied linearly with the
plate thickness and served as a way to tune all the plates to
a common resonant frequency. Figure 4 shows a frequency
sweepandacousticresponseofaplatepairofequalthickness.
Tobroadentheresonantpeakandgivealargeroperatingarea
half the plates were machined down to a thickness of 11mm
and the other half were machined down to a thickness of
10.7mm so that, when placed together to form a plate pair,
they would have the desired frequency response. Grooves
2.5mm wide and 6.0mm deep were machined into each half
of the plate pair along both edges so that the gradient win-
ding could be inserted along the outer edge and the control
winding on the inner edge of the front face of the plate pair.
Two layers of round 2mm diameter shellacked copper wire
were placed on top of each other into each groove and then
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Fig. 4 The acoustic output for a plate pair over a restricted range of
2.5–4.1kHz. Note the peak at around 3.31kHz
covered with approximately 2mm of epoxy resin to embed
thewiresintotheplates.Theplatepairswerethenassembled
by placing two plates, one 11mm and one 10.7mm thick,
together. To hold individual plate halves together as plate
pairs, 30-mm-wide cross-bars were ﬁtted at the back of the
plate pairs with a 1.0mm gap between the plates, running
the length of the plates. The wire ends on the plates were
then soldered together to form a single continuous two-turn
outer winding to provide the main gradient ﬁeld and a conti-
nuous two-turn inner winding to provide acoustic control.
A diagram of the plate-pair arrangement is shown in Fig. 2.
Theresponseofeachplatepairwasmeasuredacousticallyin
the magnet. The results of each plate pair showed a double-
peaked response in which the amplitudes of each plate pair
differed slightly. However there were areas in each plate
pairresponsewheretheamplitudesoverlappedandwouldbe
ideally suited for a common operating frequency. For all six
platepairstheoverlapoccurredataround3.2kHz,soanope-
ratingfrequencyof3.205kHzwaschosen,asitcorresponded
to one of the MR system’s digital sampling frequencies.
Experimental procedure
With the three banks of gradient ampliﬁers available on the
3.0Tsystem,demonstrationoftheimagingcapabilitiesofthe
coilatthesametimeasapplicationofacousticcontrolwasnot
possible. The high gradient ﬁeld strength required for such
short imaging times meant that large currents were required
for imaging. These could only be achieved by employing a
bank of eight Techrons to power the gradients via a reso-
nant circuit. This circuit consisted of a bank of high-power
capacitors connected in series with the gradient coil win-
dings. At our operating frequency of 3,205Hz and with the
measured inductance of 52µH ideally we required a capaci-
tanceof47.4µFtotunethecoil.Withthecapacitorsavailable
we were able to achieve a measured capacitance of 45.4µF,
which was sufﬁcient to achieve the required current in the
switched gradient coil.
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With only three sets of power supplies and one bank of
capacitors available it was almost impossible to carry out
noise reduction experiments while imaging, without dispen-
sing with slice selection thus freeing the third bank of
Techronstosupplypowertotheacousticcontrolwinding.As
active acoustic control requires almost identical currents in
boththecontrolandgradientwiresitwasnecessarytoreduce
the imaging ﬁeld to approximately one third of its original
size in order to compensate for the lower power capability
in the control winding ampliﬁer that consisted of only four
Techrons with no second bank of capacitors to operate them
in resonant mode. This would have meant most of the image
detail would be lost. Consequently the experiment had to be
splitintotwoparts.Theﬁrstpartwastoobtainanimagefrom
the coil utilizing all three gradient axes, but with no acoustic
noise cancellation. The second part, after reconﬁguring the
gradient ampliﬁers, was the noise cancellation experiment.
Thewholethree-axisgradientcoilassembly,includingthe
cylindricalframe,thesix-plateGy gradientcoilarrangement,
the four-plate Gx coil, the Maxwell pair, the sample, and
the radiofrequency (RF) coil consisting of a simple two-turn
transmit and receive coil tuned to 127.7MHz, were placed
in the center of the magnet bore. Before imaging, the main
magnetic ﬁeld was shimmed to reduce any B0 inhomoge-
neity effects due to susceptibility differences caused by the
gradient system and the imaging sample. The magnet bore
was lined with a layer of sculpted foam in order to achieve
a degree of acoustic isolation. A similar lining covered the
endcapsateachendofthemagnetenclosingthemagnetbore
volume.Atoneendoftheacousticchamberwasalineararray
of electret microphones (RS Components Ltd., Corby, UK,
stockno.283–4748,withaninputportdiameterof8mmand
an approximately omnidirectional cardioid response over π
radians), which was placed either within the acoustic cham-
ber a distance 1.20m from the gradient plate assembly and
facingthefrontplaneofthegradientcoiloroutsidethecham-
ber at a further distance of 10cm. In the latter position the
linear array of microphones was used to detect the acous-
tic output across the diameter of the magnet approximately
1.3m from the surface of the gradient coil. The linear array
wascomprisedof11microphones,equallyspaced5cmapart.
Each microphone output was fed separately to a circuit swit-
ching arrangement, allowing manual interrogation of each
microphone signal via a Hewlett Packard network analyzer.
The numerical results were obtained by manually stepping
through the microphone outputs, recording both the signal
amplitude and phase. This procedure was used when ope-
rating in a spot frequency mode. In other experiments only
the central microphone was used and the acoustic frequency
stepped through a predetermined range of frequencies. The
geometry of the coil design was such that a high degree of
acoustic cancellation occurs along the central axis of the
magnet and the acoustic noise here is consequently auto-
matically low, as shown in Fig. 9. In addition, the length of
thecoilcomparedtotheimagingregionissuchthatthevaria-
tionintheacousticoutputverticallyisexpectedtobesmallin
comparison with the transverse variation. Consequently, the
microphones were positioned along this transverse axis. The
acoustic signal amplitudes, measured using the microphone
array and network analyzer correspond to A-weighted sound
pressure level (SPL) measurements in dBA. (For details of
our calibration method see Ref. [10].)
Results
Slice selection was set to give a coronal slice through the
phantomapproximately9mmthick.Fromthemodulusimage
obtained,theFOVspanned32pixelsinthefrequency-encode
direction and 64pixels in the phase-encode direction. This
gave the image a true resolution of 32mm × 64mm. The
image was Fourier interpolated by zero ﬁlling to double the
resolution along the frequency-encode axis. The structure
within the phantom can be discerned down to a resolution of
2mm in both directions. The image was easily corrected for
the common EPI artefact of Nyquist ghosting by manually
applying a ﬁrst-order phase correction in the image formed
from the odd echoes.
Following imaging the gradient ampliﬁers were reconﬁ-
gured for the acoustic control experiments. The experiment
was optimized by adjusting the phase and amplitude of the
currentinthecontrolwindingtogiveanoisereductionacross
the whole of the x-axis. Acoustic noise levels from the coil
system were obtained using the central microphone of the
array and these are plotted as a function of the current sup-
plied to the gradient coil. Figure 5 shows the acoustic noise
output in dBA versus log I, where I is the current in amps
for the whole coil together with speciﬁc results on the whole
coilatparticularcurrents,namely20and40Aandonasingle
plate pair. A least-squares ﬁt of all the data gives the straight
line y =[ 21.92x + 47.018] dBA with a slope of 21.92
dBA/log(I). This demonstrates the high degree of linearity
of the acoustic response with current over three orders of
magnitude. The graph shows that this relationship holds for
individual plate components, individual plate pairs, and the
coil system as a whole.
The current required for imaging with an image acquisi-
tion time of 10.6ms was 253A, or log I = 2.40. From Fig. 5
it is noted that this current corresponds to an acoustic noise
output of 95.8 dBA at the operating frequency of 3.205kHz.
Figure 6 shows the complete three-axis gradient coil
assembly with a central access of 10cm. Figure 7 shows
a detailed sketch of the full gradient assembly. Figure 8a
is a diagram of the phantom, and Fig. 8b shows the image
produced. The phantom comprised a water-ﬁlled circular
chamber with a diameter of 5.6cm, immersed within which
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Fig. 5 AcousticnoiseoutputindBA versuslog I,whereI isthecurrent
inampsﬂowingat3.205kHzforanumberofcoilarrangements.Closed
circles show the whole coil with the full current capability. The open
circle shows the whole coil with an input of 20A. The open square
shows the whole coil response with a 40A input. The closed squares
show a plate pair and its response over a restricted current range
Fig. 6 Photograph of the complete coil assembly in its ﬁnal form with
the Gx gradient coil plates shown at the front; the Maxwell pair and
sample access can be seen in the centre
is a block of material in which various shapes and holes
are machined. The water chamber is 10mm thick. It can
be seen in Fig. 8b that there is very good agreement of the
imagewiththesmalldetailinthephantom.Thisisaone-shot
image. All experiments were carried out within an acousti-
cally lined chamber forming the inside bore of the 1m-bore
3.0T magnet.
Figure 9 shows graphs of acoustic noise output versus
microphone position for the complete gradient coil system
showninFig.6whenplacedwithinthelinedmagnetboreand
immersed in a 3.0T static magnetic ﬁeld. This noise output
Fig. 7 Sketch of the complete coil assembly in its ﬁnal form when
placed in the magnet. Front view:t h eGx gradient coil plates at the
front, the Gy gradient coil plates behind, and the Maxwell pair and
sample in the center. Plan view: all three gradient axes and sample in
the centre
is measured using a linear array of 11 microphones placed
acrossthemagnetdiameter,1.2mfromthegradientcoilface.
Figure 9a corresponds to an acoustic operating frequency of
3.3125kHzwithacurrentof20A,andFig.9bcorrespondsto
anacousticoperatingfrequencyof3.3780kHzwithacurrent
of40A.Inbothgraphs,curvesAandBcorrespond,respecti-
vely,totheanti-optimizedhigh-noiseoutputwhenthecontrol
current phase is φ = π and the optimized low-noise output
when the control current phase is φ = 0; in both graphs the
currentsinthecontrolwindingandmainwindingwereequal.
The red line through curve A indicates the average acoustic
noisesignal.CurvesCandDshowthemeasurednoiseoutput
when the microphone array was placed outside the acoustic
chamberatadistanceof1.3mfromthegradientcoilfaceand
correspond, respectively, to the anti-optimized output when
thecontrolcurrentphaseφ = π andtheoptimizedlow-noise
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a
b
Fig. 8 a Plan view of the phantom. b Snapshot image response for
the phantom, which has a machined block with cutouts and is let into
the ﬂooded water compartment. The internal diameter is 52mm. The
circular dots have diameters of 3, 6, and 13mm. The image acquisition
time was 10.6ms
output when the control current phase φ = 0. The red line
through curve D shows the average acoustic noise signals.
In this case approximately 20dBA of further acoustic noise
reduction is achieved and is attributable to the acoustic foam
used within the acoustic chamber. The overall noise reduc-
tionsachievedaresubstantial,amountingto67dBA inFig.9a
and 60dBA in Fig. 9b relative to the control winding, which
is switched in phase and in its non-optimized mode accounts
for 6.0dBA of the quoted noise reductions.
) m c ( n o i t i s o P e n o h p o r c i M
0 2
0 3
0 4
0 5
0 6
0 7
0 8
0 9
0 0 1
0 1 1
5 - 0 1 - 5 1 - 0 2 - 5 2 - 5 0 5 2 0 2 5 1 0 1
A
a
b
B
C
D
N
o
i
s
e
 
A
m
p
l
i
t
u
d
e
 
(
d
B
A
)
) m c ( n o i t i s o P e n o h p o r c i M
N
o
i
s
e
 
A
m
p
l
i
t
u
d
e
 
(
d
B
A
) A
B
C
D
0 2
0 3
0 4
0 5
0 6
0 7
0 8
0 9
0 0 1
0 1 1
5 2 -0 5 - 0 1 - 5 1 - 0 2 - 0 1 5 5 1 0 2 5 2
Fig. 9 Noise output data from the coil system of Fig. 6, received at
the microphone array comprising 11 microphones at equally spaced
positions5cmapartacrosstheacousticchamberrangingfrom±25cm.
Curves A correspond to the antioptimised position when the control
current phase φ = π.T h ered line is the average of these data in
both graphs. Curves B show the optimised response inside the acoustic
chamber and with the control current phase φ = 0. These curves both
showanapproximate40dBA noisereductionovertheareaofacentrally
placed specimen. Curves C correspond to the antioptimised situation
when the control current phase φ = π, with the acoustic chamber door
closed and the microphone array moved just outside the acoustic
chamber. Curves D correspond to the optimised case when the control
current phase φ = 0 and the microphone array is placed outside the
chamber with the chamber door closed. The red line is the average of
these data in both graphs. Graph a has a centre frequency of 3.3125
kHz and a current of 20 A. b corresponds to 3.378 kHz with a cur-
rent of 40 A and is slightly above the peak in Fig. 4. The average
noise reduction in a is 67 dBA and in b the average noise reduction is
60 dBA.
These results are of course for noise reduction outside the
magnet and indicate the effect of noise on the environment,
particularly for those people standing near the magnet when
in operation. However, looking in more detail at Fig. 9a, b
we see that curves B in both diagrams indicate a substan-
tial reduction in acoustic noise within the lined bore of the
magnet. Typically weseeanoisereduction withintheacous-
tic chamber corresponding to 40dBA noise attenuation over
a central shaft equal to the sample diameter of 5.2cm. This
is shown on both subﬁgures as the central region of curve B.
Again this ﬁgure includes the 6dBA quoted above.
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Fig. 10 a The tailored EPI pulse as used with active acoustic control,
consisting of a truncated three-lobe sinc function employing ﬁve
frequencies within the narrow range over which the active acoustic
reduction operates. This results in a pulse that consists of a modula-
ted sinusoidally switched gradient at the central frequency, in this case
3,205Hz. b One half of the central part of the symmetric tailored pulse.
Allowing a two-echo redundancy before and after the necessary image
data, the sampling region consists in total of 68 gradient half-cycles
within the relatively ﬂat region which is +3.1% of the median value
Discussion
In our acoustic experiments we compared all signals with
those obtained for the anti-optimum acoustic noise output
level. This process seemed reasonable experimentally since
itrequiredaphaseﬂipfromtheanti-optimumstatetotheopti-
mum state. However this process has added an extra 6dBA
to the results, which has arguably made our results appear
better.
Active acoustic control has been developed speciﬁcally
to work at, or close to, the acoustic plate resonance. At fre-
quencies far from the plate resonance we have found that
the ratio of currents can deviate signiﬁcantly from unity and
the phase of the control current relative to the main gradient
current can deviate signiﬁcantly from zero. However, with
the selection of suitable operating frequencies we have pre-
viously demonstrated that signiﬁcant acoustic control is still
possible within most regions of the acoustic spectrum [10].
As active acoustic control operates over a narrow band of
frequenciesatailoredswitchedgradientpulsewasemployed
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Fig. 11 SinusoidallyswitchedblippedEPI.Thisconsistsofaselective
90◦ pulse applied during a coronal slice-selective gradient followed
by a blipped phase encode and sinusoidally switched read gradient.
Nonlinear cosinusoidal sampling was employed to match the phase
evolution during the read gradient
consisting of a few frequencies within this band (Fig. 10).
This produces good active acoustic noise reduction while
simultaneously providing a practical sinusoidal switching
gradient for high-speed EPI. Using tailored pulses of this
kindhasbeenshowntoresultinconsiderablenoisereduction
in individual plate pairs commensurate with that obtained in
single-frequencyexperiments[5].Aswewerenotemploying
active acoustic control during the imaging process a simple
sinusoidal switching gradient was employed in the blipped
EPI sequence (Fig. 11).
The main purpose of the model coil design employed in
this paper was to produce a small working coil with active
acoustic control. It is impractical for use in the majority of
scannersastheutilizableimagingvolumeistoosmall.While
it would be possible to produce a magnetically screened ver-
sion of our coil, such screening was not necessary in the
present instance. Were a more practical concentric arcuate
design to be implemented, including active acoustic control,
thenitwouldbecomeessentialtoincorporatemagneticscree-
ning.
The greatest acoustic noise reduction occurs in the cen-
tralregionthroughthemechanismofdestructiveinterference
from each side of the coil structure, which theory tells us
extends principally along the central magnet z-axis and gra-
dient x-axis. However from our earlier work [10] it would
appearthat,byasuitablechoiceofplatematerialandbyope-
rating at a somewhat lower frequency commensurate with a
largerobjectsize,itwillbepossibletoextendthegradientset,
using arcuate sectors, to allow at least human head scanning
and possibly whole-body imaging.
Conclusion
We have designed and built a model coil system incorpo-
rating acoustic control. This has been used to produce a
snapshot image using EPI with an imaging time of 10.6ms.
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The gradient coil uses rectangular plate sectors that restrict
the object size. The acoustic noise reduction measured over
the specimen area is approximately 40dBA as presented, or
approximately 34 dBA if the acoustic control winding is not
activated. Acoustic noise outside the magnet was reduced by
60–66dBA or 54–60 dBAif the acoustic control winding is
not activated.
In the future a more practical concentric arcuate design
for head imaging or for whole-body access, incorporating
acoustic control as well as active magnetic screening, could
be built. Such a design would enable a useful comparison to
be made with other whole-body gradient coil designs.
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